Endosomal sensing represents a key strategy by which mammalian cells detect parasitization by invading pathogens. This is critical for the control of fungal pathogens, which are for the most part phagocytosed by effector cells of the innate immune system. Despite rapid overall progress in our understanding of endosomal responses in recent times, relatively little is known about how the endosomal sensing system detects fungi and the ensuing immunological consequences. Considering that many fungal pathogens must overcome and evade endosomal killing in order to survive in the host, understanding this key area of the early innate response is crucial for our understanding of fungal infection. In this review we present a summary of our current knowledge of endosomal sensing within the context of fungal pathogens, with a focus on the myeloid compartment.
Introduction
Cells need to be able to process physical and chemical information from their environment, in order to make fundamental decisions about their response to certain stimuli and ultimately, their fate. 1 As a core component of cellular environmental sensing, endocytosis occurs constitutively or through ligation of cell surface receptors, broadly leading to internalization through several well-defined processes. 2 In mechanistic terms, endocytosis has been proposed to enable balancing of cell surface receptors in response to the environment through internalization and recycling, and the concentration of stimuli within endosomes to allow cell fate decisions. Large particles are endocytosed through phagocytosis, although it has been shown that Aspergillus fumigatus is internalized by macrophages through a process with features of macropinocytosis. 3 Within the context of human fungal pathogens, the vast majority are phagocytosed by mononuclear phagocytes through endocytic processes that are critically dependent on fungal morphotype and germination state. Uptake of fungi is primarily dependent upon complex interactions between scavenger, C-type lectin and antibodydependent receptors, that cooperate with Toll-like receptors to mediate synergistic inflammatory responses during internalization. 4 The ensuing endocytic pathway is broadly unidirectional, proceeding from early to late endosomes to lysosomes. Early and late endosomes are classically defined by the recruitment of the small GTPases RAB5 (early) and RAB7 (late). 5 In the context of pathogen uptake, newly formed phagosomes are unable to kill microorganisms and must undergo a sequential maturation process in order to form a phagolysosome. Once matured, microbial killing is mediated through acidification, NADPH oxidasedependent reactive oxygen species production, and lysosomal hydrolases. 6 Pathogen degradation leads to the release of microbial nucleic acids, which are recognized by an array of endosomal Toll-like receptors (TLRs).
1 TLR3 recognizes double-stranded RNA (dsRNA), TLR7, 8 and 13 recognize single-stranded RNA (ssRNA) and TLR9 recognizes DNA. One crucial aspect of endocytosis is to distinguish self from non-self and coordinate appropriate immune responses, depending on endosomal receptor ligation. 7 This distinction is complex, given that nucleic acids detected by endosomal TLRs may be either host or pathogen derived, and central to the concept of autoimmunity. The current dogma is that nucleic acid sequence-specific motifs are distinct between species and may be distinguished by endosomal TLRs. Furthermore, endosomal localization of nucleic acid sensing TLRs and the requirement for acidification prior to activation help to ensure that recognition of self nucleic acid is reduced under normal conditions. Acidification enables proteolytic processing of endosomal TLRs by endosomal proteases, leading to functional activation of the C-terminal fragment. Interestingly, proteolytic processing is not required for ligand binding, but rather for downstream signaling through reorientation of the cytosolic TIR domain and adaptor molecule recruitment, typically Myd88 or TRIF. 8 TRIF interacts directly with the TIR domain of TLR3 leading to recruitment of TNF-receptor associated factor 6 (TRAF6), TNF receptor-associated domain, Pellino1 and receptor interacting protein 1(RIP1). Sequentially this results in activation of IRF3, mitogen-activated protein kinases (MAPKs) and NF-κB. IRF3 then mediates expression of IFN-β. TLRs 7, 8, 9, and 13 ligate Myd-88 via their TIR domains, leading to the recruitment of IL-1 receptorassociated kinases (IRAK) 4/1/2. Interaction with TRAF3/6, Uev1A and Ubc13 leads to recruitment of Tak1 and TAK1-binding proteins 1/2/3 leading to TRAF6-dependent activation of the NF-κB and MAPK signaling pathways. 
Endosomal sensing of fungi
Endosomal sensing of fungi is critical for propagation of strong antifungal immune responses by macrophages. Although bacterial endosomal dynamics are reasonably well understood, 9 knowledge of endosomal fungal sensing is less well defined. Upon internalization by macrophages, fungi reside in a vacuolar endosome, which further develops into the phagolysosome through a sequential orchestration between Rab-GTPases, V-ATPase accumulation, and lysosomes. 10 More often than not this serves as a microbial death sentence as progressive acidification, a battery of antimicrobial peptides and oxidants are added to the endosome. 11 TLR9 appears most widely implicated in fungal sensing via unmethylated CpG DNA recognition. As mammalian DNA is more widely methylated, it is less immunogenic and thus acts as a preventative measure against autoimmunity. In order for microbial nucleic acid recognition to occur, sensing requires the proteolytic cleavage of the TLR9 N-terminal domain. 12, 13 Additional control mechanisms are in place such as physical separation of TLRs from the cytosol. 8 22 Further studies have shown a crucial role for the TLR3-TRIF pathway in defence against experimental pulmonary aspergillosis, through epithelial cell activation of IDO-dependent Th1 responses.
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TLR7 has been shown to be important for dendritic cell responses to Candida glabrata, and is essential for IFN-β signalling. TLR7 also contributes to C. albicans-dependent IL12p70 induction and essential for resistance to systemic candidiasis. 24 Some fungi depend on the phagosomal immunological niche. Interestingly, C albicans is able to transcytose from brain endothelial cell to endothelial cell via cell-cell contact and can thus cause severe meningitis. 25 It is able to actively neutralize the pH of the phagosome and thus promote hyphal outgrowth. 26 Moreover, DeLeon-Rodriguez et al. recently demonstrated that Cryptococcus neoformans is a phagosome-dependent yeast. Counterintuitively, C. neoformans actively increases the pH of the phagolysosome as it demonstrates an increased rate of replication in the acidified endosome. 27 C neoformans modulates Rab GTPase interactions with the phagolysosome; consequently, cell membrane damage occurs. This phenomenon is required for C neoformans proliferation and viability. 27 This, in a sense, acts like a Trojan horse: a murine macrophage depletion model demonstrates a better control of infection. From the data presented in the field thus far, it becomes increasingly evident that endosomal dynamics are critical in the propagation of both fungal survival and proliferation, as well as the host immunological response to tackling infection. Although fungal phagosomal sensing is not fully understood, more is known about the downstream cellular pathways involved in the endosomal immune response.
Endosomal signalling responses to fungal pathogens
Several endosomal receptors have been identified as playing a role in instigating immune responses to fungi including the Toll-like receptors: TLR 3, 7, 8, and 9 and the C-type lectin receptors (CLR) Dectin-1 and Mannose receptor. The endosomal TLRs are sequestered in the endoplasmic reticulum and are delivered to the endosomes via the Golgi apparatus. Once in the endosomes, they undergo acid-dependent proteolytic cleavage to become ligand-responsive. 28 These receptors recognise different fungal PAMPs and in turn activate a complex network of signaling pathways that act in coordination to direct immune cell responses to fungi. TLR3 recognises double stranded RNA and contributes to the production of Type 1 Interferons and T cell priming by dendritic cells in response to Aspergillus fumigatus conidia.
29 TLR3 does not signal via the MyD88 dependent pathway at all but rather via a TRIF-dependent pathway. Upon receptor ligation, TRIF recruits a multi-protein complex of adaptor molecules that includes TRAF6, Pellino1, TRADD, and RIP1. 30, 31 This complex activates the protein kinase TAK1, which in turn switches on activity in the MAP kinase and NF-KB pathways and the production of inflammatory cytokines. 32 TLR7, 8, and 9 all signal downstream via the MyD88 pathway. They bind to the C-terminal TIR domain of MyD88 and recruit IRAK 4/1/2 via the adaptor molecule's N-terminus death domain. 39 IRAK4 is the first to engage with the signalling complex and following its autophosphorylation recruits IRAK1 and IRAK2 to form the Myddosome. 40 Activation of the IRAKs then allows recruitment of TRAF6 to the complex, its activation, and release back into the cytosol where it combines with TAK1 and its binding proteins TAB1 and TAB2/3. 41 Activated TAK1 then directs activation of the MAPK and NF-KB pathways.
In plasmacytoid dendritic cells, TLR7 and TLR9 signal via different signaling pathways depending on their endosomal location. In the early endosome, TLR9 signals via MyD88 and TRAF6 to NF-KB. Once cleaved in the early endosome, TLR9 can complex with AP-3, which allows it to shuttle to LAMP2 + Lysosome related organelles (LROs),
where it forms another MyD88 based complex, this time with TRAF3, TRAF6, IRAK1, IKKα, OPNi, and Dock2 to switch on IRF7 activity, which drives the expression of type 1 interferons. 42 The traditional dogma is that all TLRs signal exclusively via MyD88 apart from TLRs 3 and 4. However, recent work with Aspergillus fumigatus has identified a MyD88-independent TLR9 signaling pathway. NFAT translocation in macrophages in response to A. fumigatus was found to be reduced in bone-marrow derived macrophages from TLR9 −/− but not MyD88 −/-or Dectin-1 −/− mice. 15 Bruton's tyrosine kinase has been identified as playing a role in this novel endosomal TLR9 signaling pathway but the remaining adaptor molecules involved remain to be identified. The second major group of fungal recognition receptors are the CLRs, which have been localised both to the cell surface and endosomal membranes. Different receptors are involved at different stages of the phagocytic-endosomal pathway and this sequence can vary between pathogens. For Candida, Dectin-1 is the primary receptor responsible for recognition, uptake, and initiation of the inflammatory response. 43, 44 Internalization, however, results in loss of Dectin-1 from the phagosomal membrane and termination of the Dectin-1 mediated inflammatory response. 45 Mannose receptor accumulates in the endosome after Dectin-1 has disappeared and is involved in mediating inflammatory responses at later time points. 46 For Aspergillus, Dectin-1 not only recognizes swollen conidia at the cell surface but is also recruited at later time points to phagolysosomes containing conidia that have swollen within them. 47 Dectin-1 recognition of Aspergillus can also direct TLR9 localisation to conidial phagolysosomes, which is indicative of crosscommunication between TLRs and CLRs. Dectin-1 ligation triggers downstream signaling via both Syk-dependent and Syk-independent signalling cascades. Phosphorylation of its' cytoplasmic ITAM-like motif by Src family kinases activates signalling through Syk (spleen tyrosine kinase) to the noncanonical NF-KB inducing kinase (NIK) and canonical caspase recruitment domain containing protein (CARD9) pathways, both of which drive NF-KB activation and cytokine production. 48 PLC-γ 2 activation by Syk also leads to ROS production and activation of the NLRP3 inflammasome, and to calcineurin-NFAT activation in response to Candida. Via its cytoplasmic tri-acid (DED) motif, Dectin-1 activates the Syk-independent Raf-1 pathway, which results in expression of the IL-12p70, IL-1β, IL-23, and IL-6. 49 Figure 1 gives an overview of our current understanding of the endosomal processing of A. fumigatus conidia within macrophages from the point of recognition to the activation of downstream transcriptional responses.
Conclusions
Endosomal sensing represents a critical mechanism for immune cells to detect intracellular pathogens and respond accordingly. Given that most successful fungal pathogens are phagocytosed, it seems likely that there are a wide range of mechanisms that enable survival and propagation in the phagosome. While endosomal responses to viral and bacterial pathogens are well understood, less is known about the endosomal response to fungi. Future studies ought to shed further light on the key fungal pathogen and host determinants of the endosomal response.
